Site-directed spin labeling has qualitatively shown that a key event during activation of rhodopsin is a rigid-body movement of transmembrane helix 6 (TM6) at the cytoplasmic surface of the molecule. To place this result on a quantitative footing, and to identify movements of other helices upon photoactivation, double electron-electron resonance (DEER) spectroscopy was used to determine distances and distance changes between pairs of nitroxide side chains introduced in helices at the cytoplasmic surface of rhodopsin. Sixteen pairs were selected from a set of nine individual sites, each located on the solvent exposed surface of the protein where structural perturbation due to the presence of the label is minimized. Importantly, the EPR spectra of the labeled proteins change little or not at all upon photoactivation, suggesting that rigid-body motions of helices rather than rearrangement of the nitroxide side chains are responsible for observed distance changes. For inactive rhodopsin, it was possible to find a globally minimized arrangement of nitroxide locations that simultaneously satisfied the crystal structure of rhodopsin (Protein Data Bank entry 1GZM), the experimentally measured distance data, and the known rotamers of the nitroxide side chain. A similar analysis of the data for activated rhodopsin yielded a new geometry consistent with a 5-Å outward movement of TM6 and smaller movements involving TM1, TM7, and the C-terminal sequence following helix H8. The positions of nitroxides in other helices at the cytoplasmic surface remained largely unchanged.
Site-directed spin labeling has qualitatively shown that a key event during activation of rhodopsin is a rigid-body movement of transmembrane helix 6 (TM6) at the cytoplasmic surface of the molecule. To place this result on a quantitative footing, and to identify movements of other helices upon photoactivation, double electron-electron resonance (DEER) spectroscopy was used to determine distances and distance changes between pairs of nitroxide side chains introduced in helices at the cytoplasmic surface of rhodopsin. Sixteen pairs were selected from a set of nine individual sites, each located on the solvent exposed surface of the protein where structural perturbation due to the presence of the label is minimized. Importantly, the EPR spectra of the labeled proteins change little or not at all upon photoactivation, suggesting that rigid-body motions of helices rather than rearrangement of the nitroxide side chains are responsible for observed distance changes. For inactive rhodopsin, it was possible to find a globally minimized arrangement of nitroxide locations that simultaneously satisfied the crystal structure of rhodopsin (Protein Data Bank entry 1GZM), the experimentally measured distance data, and the known rotamers of the nitroxide side chain. A similar analysis of the data for activated rhodopsin yielded a new geometry consistent with a 5-Å outward movement of TM6 and smaller movements involving TM1, TM7, and the C-terminal sequence following helix H8. The positions of nitroxides in other helices at the cytoplasmic surface remained largely unchanged.
DEER ͉ G protein-coupled receptor ͉ photoreceptor ͉ spin labeling G protein-coupled receptors (GPCRs) constitute a large family of membrane proteins that mediate cellular responses to a variety of both physical and chemical signals.
Interaction of a GPCR with a cognate signal produces a conformational change leading to an activated receptor. The activated state subsequently binds to and activates a corresponding heterotrimeric G protein, which in turn triggers events that ultimately modulate an amplified cellular response (for recent reviews, see refs. 1 and 2). The nature of the conformational switch or switches that underlie receptor activation is a subject of much interest (3, 4) . Crystal structures of an inactive state of the GPCRs rhodopsin (5-9) and ␤ 2 -adrenergic receptor (10, 11) have been reported, and they provide a crucial foundation for designing and interpreting the results of spectroscopic experiments aimed at revealing conformational changes associated with activation.
Site-directed spin-labeling (SDSL) studies of rhodopsin provided the first direct structural evidence for an outward tilt of the cytoplasmic end of transmembrane helix 6 (TM6) as a major event in the activation of rhodopsin, both in solutions of dodecyl maltoside (DM) and in phospholipid bilayers (12) (13) (14) (15) . Data from site-directed fluorescent labeling and chemical reactivity (16) , UV spectroscopy (17) , zinc cross-linking of histidines (18) , and disulfide cross-linking (13) offered support for this mechanism. Recent solid-state NMR studies of Smith and coworkers (19) revealed a separation of opposing residues in TM6 and TM3 at the level of the chromophore upon activation. Taken together, the NMR and SDSL data suggest that a significant length of TM6 of rhodopsin is involved in the conformational change. There is considerable evidence that the activating conformational change in other GPCRs, at least at the cytoplasmic surface, has features common with that of rhodopsin (3, 4) .
The highly conserved proline in TM6 of the rhodopsin class of GPCRs (Pro-267 in rhodopsin) may serve as a hinge for motion of TM6 (20, 21) triggered by a ''rotamer toggle switch'' (22) . Schwartz (3) has elaborated a ''global toggle switch'' model for receptor activation that incorporates motion of TM6 at the cytoplasmic surface together with proposed concerted motions of other helices at the extracellular surface.
In contrast to the evidence outlined above, a recent crystal structure at 4.1-Å resolution of a putative photoactivated rhodopsin showed little change in position of any of the TM helices relative to the inactive state (23) .
In previous SDSL studies of rhodopsin directed at detecting conformational changes via distance measurements (13, 24, 25) , the short range (Ͻ20 Å) of the continuous-wave (CW) dipolar interaction method used (26, 27) imposed constraints on the experimental design that could limit the effective resolution. In particular, it was necessary to place spin labels at buried sites in the molecule in order for them to be sufficiently close for interaction, raising the possibility that spin-label perturbation and/or rearrangement of the spin-label side chain itself contributed to the distance changes observed upon activation. This problem can now be overcome by using the time domain method of double electron-electron resonance (DEER) spectroscopy (28) that enables long-range (20-60 Å) distance measurements between pairs of spin labels with a resolution better than 1 Å. This extended range allows the spin labels to be placed at sites on the solvent-exposed surface of the protein, where perturbations to the fold are absent, and where the local environment remains unaltered during a protein conformational change, ensuring that changes in spin-label conformation that could contribute to distance changes do not occur. Under these conditions, changes in interspin distance reflect corresponding motion of the backbone to which R1 is attached.
In the present study, 16 pairs of the nitroxide side chain R1 (Fig. 1 Inset) were introduced into rhodopsin, one pair at a time. Sites on the outer surfaces of the TM helices at the cytoplasmic surface were chosen (Fig. 1) , and interspin distances were measured in the inactive (R) and light-activated state (R*), using DEER spectroscopy. A global analysis of the data localized individual spins in the structure, and the results for R are in excellent agreement with the rhodopsin crystal structure from Li et al. [Protein Data Bank (PDB) entry 1GZM] (8) and models of R1 based on the known structure of the side chain (29) (30) (31) (32) . For R*, the data reveal an outward motion of R1 in TM6 by 5 Å and smaller movements of R1 in TM1, TM7, and in the C-terminal domain following helix H8. In addition, there are increases in the widths of the spatial distributions for the nitroxide at these same sites, suggesting increased local disorder. R1 residues in TM2-TM4 remain fixed upon R* formation, consistent with these helices forming part of a stable core (33) .
The results presented here are at odds with the crystallographic studies of Salom et al. (23) that found little structural change relative to the inactive state for a putative photoactivated species.
Experimental Design and Results
As in most previous SDSL studies, results presented here were obtained for rhodopsin in solutions of DM, a detergent that apparently retains the structure and functionality of R and R* in the native membrane (14, 15, 35, 36) . Fig. 1 shows a view of R looking down at the cytoplasmic surface that recognizes the G protein transducin. Models of the R1 nitroxide side chain (see Methods) are shown at each of the sites selected on the outer surfaces of the TM helices and site 326 in the C terminus. The EPR spectra for the selected sites show little or no change upon photoactivation, as previously reported (12, (37) (38) (39) (40) . Because the spectra are sensitive to changes in backbone dynamics (41, 42) and local interactions within the protein (29) (30) (31) 43) , the lack of spectral change upon photoactivation strongly suggests that the conformation of R1, the immediate local environment, and the secondary structure to which it is attached remain the same under rhodopsin activation. Thus, changes in interspin distances between pairs of these nitroxides report relative motion of the structures to which they are attached. Pairs of R1 residues for interspin distance measurements were selected from the set shown in Fig. 1 such that each R1 residue was involved in multiple distance determinations from several directions; this is critical to identifying the relative position of each R1 in the structure and to determining the direction as well as the magnitude of its motion upon photoactivation. The dotted traces in Fig. 1 show the 16 distances measured by using DEER spectroscopy.
The primary datum obtained in DEER spectroscopy is the amplitude of an electron spin echo as a function of time corresponding to the application of a pulse that inverts the magnetization of an interacting spin partner (28) . Subtraction of an exponential background due to random intermolecular magnetic dipolar interactions gives the dipolar evolution function, which is a sum of oscillatory functions with frequencies corresponding to the dipolar interaction energies for the distances represented. The distribution of distances between the spins is obtained by fitting the dipolar evolution function or its Fourier transform (the dipolar interaction spectrum) to a model of interacting spin pairs that have a random orientation with respect to each other (28) . Fig. 2 shows representative data for the dipolar evolution functions, the dipolar interaction spectra and distance distributions obtained for spin pairs in R (solid traces) and R* (dotted traces). The examples were selected to illustrate the cases observed; namely, decreases, no change, or increases in distance upon photoactivation.
Geometry Optimization and Probable Localization of Individual Nitroxides in the Dark State (R).
To find the relative positions of the nitroxides consistent with the complete set of interspin distances determined experimentally, a global geometry optimization was carried out. The global probability ⍀ of a given configuration of spins is taken as ⍀ ϭ ⌸ P j (r), where the product is over all measured spin pairs j, and P j (r) is the probability of finding the spin pair j at a distance r. If P(r) is taken as the normalized experimental distance distribution, ⍀ approaches 1 if all dis- tances correspond to the most probable value for all measured pairs. The optimized geometry is one that maximizes ⍀ with respect to variation in the coordinates of each spin. The initial locations of the spins were taken as those determined from models of the R1 side chain in rhodopsin as described above. Optimization using a modified Levenberg-Marquardt algorithm resulted in a slight repositioning of the spins in the neighborhood of the starting position. Except for position 326, the optimized positions of the spins are compatible with preferred rotamers of the R1 side chain and give essentially exact agreement with experimental values of the interspin distances. The models of Figs. 1 and 3 represent the optimized geometry for the inactive state.
Starting with the optimized geometry, the probability distribution of individual spins can be estimated in a first approximation by calculating ⍀ for a particular spin i at a position displaced from the optimized geometry, with all other spins fixed at their optimized positions. For each site, ⍀ is calculated for points in an xy plane parallel to the membrane surface and passing through nitroxide i with z fixed at the equilibrium position. This procedure for determining relative probability distributions for the spins is aided by the fact that all pairwise distances between 74, 225, and 252 have a narrow distribution ( Fig. 2) and form a sharply defined basis triangle. Because each pairwise distance distribution is the convolution of the positional distribution of each partner along the interspin vector, a wider distribution involving only one of these sites must be caused by a wider positional spread of the other site. Fig. 3a presents the probability distribution for the individual spins in R determined by this procedure. The probability for any given nitroxide is coded with a color gradient from blue (low) to purple (high). The distributions are anisotropic and generally elongated along the protein circumference. This tangential elongation reflects the limited angular spread of the distances determined, and the tangential width of the distribution is likely overestimated. Residue 241R1 is not included in Fig. 3a because of overlap with the data of nearby 252R1. Residue 137 has a relatively poorly defined location and is also not shown. The distributions along the radial direction are more accurate and closely represent the true spin distributions in that dimension. The radial distances and distributions for all residues except 137R1 are shown in Fig. 4 (solid traces) .
A key point to be gleaned from Fig. 3a is that the location of each nitroxide in R determined by DEER agrees remarkably well with that based on the 1GZM structure and models of R1. The only exception is position 326, and the reason for the difference will be discussed below.
Changes Due to Photoactivation. Upon light-activation, a pattern of R1 movement is reflected in interspin distance changes. Rep- Fig. 3b ), the radial distribution profiles along a line connecting the center and the most probable location is calculated for each site. Each trace incorporates data from two to four measured interspin distance distributions.
resentative examples of the changes as revealed in the raw data are shown in Fig. 2 . The new positional distribution of the spins was determined by using the same global analysis described above for the inactive state, and the results are summarized in Fig. 3b . The data for R* are coded with a color gradient from red (low) to yellow (high). For reference, the data are superposed on the R structure, and dotted traces representing the nitroxide positions in R are provided. The distance changes along the radial direction are presented graphically in Fig. 4 .
As is evident in Figs. 3b and 4 , the activation of rhodopsin is accompanied by a radial outward movement of both 252R1 and 241R1 (Fig. 4 only) in TM6 by 5 Å, a small outward motion of 326R1 by Ϸ1 Å, and a complex motion of 308R1 in TM7 that has an inward radial component of Ϸ2 Å. The movement of 63R1 is primarily in the tangential direction with little change in radial position. There is a significant increase in the breadth of the distributions for R1 at 63, 241, 252, 308, and 326 relative to the inactive state. An interpretation of these nitroxide movements in terms of protein structural changes is discussed below.
Discussion
The long-range capability of DEER makes it possible to select solvent-exposed surface sites for placement of R1 residues used in distance determination. The use of surface sites is important for two reasons. First, crystallographic studies show that R1 at solvent-exposed surface sites adopts a limited number of rotamers (29) (30) (31) (32) . For such sites, the experimental rotamer library (30-32) may be used to build R1 in a structural model of the protein and thus predict interspin distances and distributions for comparison with experimental data, as illustrated here for R (Fig. 3a) . The major contribution to the width of the distance distribution from the side chain itself is likely due to rotamers of X 4 ; for R1 residues pointing away from each other, as is the case for many pairs considered in this study (Fig. 1) , this contribution is minimized (32) . Second, the use of surface sites avoids structural perturbation due to R1 that likely occurs at buried sites due to overpacking of the protein core. Moreover, at buried sites, protein conformational changes could lead to rotamer changes in R1 that are not revealed in the strongly immobilized EPR spectra, giving rise to distance changes unrelated to backbone movement. Even at solvent-exposed sites, rotamer changes could contribute to distance changes, but this possibility is minimized by selecting sites where the EPR spectra do not change significantly, as is the case for the sites selected here (12, (37) (38) (39) (40) . In this case, distance changes for the nitroxide are expected to reflect positional changes of the backbone. Moreover, changes in the width of the distance distributions reflect changes in spatial disorder of the backbone.
For the relatively short-range (10-20 Å) CW method used in earlier distance mapping of rhodopsin (13, 37, 38) , it was not possible to avoid the use of buried sites, and the results are subject to the concerns outlined above. Moreover, it was not possible to measure distances across the molecule to determine the global pattern of helix motion. The opportunity to overcome these problems by using the long-range capabilities of the DEER method provided the motivation for the present studies.
Structure of Inactive Rhodopsin at the Cytoplasmic Surface. There are seven structures of R in the database, and they differ in the C-terminal sequence (residues 324-348) and the flexible cytoplasmic loop connecting TM5 and TM6 (C3); three of the sites selected for R1 reside in these sequences (sites 241, 252, and 326). In the structures derived from a tetragonal lattice (PDB entries 1F88, 1HZX, 1L9H, and 1U19), C3 is either partially resolved or folded down to lie close to the membrane surface, whereas in those derived from trigonal or rhombohedral lattices (PDB entries 1GZM, 2I35, and 2I36), C3 is formed by irregular extensions of the TM helices connected by a short loop. Previous studies on R1 mobility and accessibility (12) as well as the distance data presented above (Fig. 3) are in excellent agreement with the C3 conformation observed in the trigonal or rhombohedral but not tetragonal crystals. In particular, the nitroxide location of the 241R1 side chain modeled in the 1U19 structure (the highest-resolution structure from a tetragonal lattice) is displaced by Ϸ15 Å from the experimentally determined position. Thus, the DEER data suggest that R in micelles of DM has a structure most similar to that in the 1GZM, 2I35, and 2I36 structures. The only significant difference observed between the micellar and the 1GZM crystal structure is the relative position of 326R1 (Fig. 3) . This is not surprising, because 326 is the last resolved residue in the structure, at the beginning of the Cterminal sequence that has been shown to be highly flexible in solution (40) . Structure 1U19 resolves the entire C-terminal tail and places an R1 residue modeled at 326, in agreement with the data of Fig. 3a , and thus is a reasonable model for the micellar structure in the neighborhood of 326, even though it is highly distorted in C3.
An earlier analysis of R1 mobility in C3 showed the loop to be highly flexible, with a gradient of increasing backbone dynamics extending from the membrane intersection of either TM5 or TM6 to the center of the loop (12, 42) . Interestingly, the distance distribution for 252R1, located in the regular TM6 helix at the level of the membrane, is substantially narrower than that for 241R1 in the irregular extension of the helix in the loop (Fig. 4) , consistent with the flexibility gradient derived from R1 mobility in solution. The difference in conformation of C3 between the crystal forms is likely due to lattice contacts in the tetragonal lattice that distort the flexible loop (8) .
Structural Changes at the Cytoplasmic Surface of Rhodopsin upon
Photoactivation. The quantitative DEER data of Figs. 3 and 4 reveal an outward radial displacement of both 241R1 and 252R1 in TM6 by 5 Å along lines passing through a central reference point of the molecule and the positions of the residues. This is interpreted as reflecting a direct outward movement of TM6 and is apparently the major event of activation at the cytoplasmic surface. Earlier CW distance measurements, although only semiquantitative for the reasons discussed above, are in general agreement with the results presented here regarding the motion of TM6 (13) . A combined rotation-translation of TM6 as suggested in the earlier study could in principle account for the DEER result. However, this would require a displacement of TM6 toward TM7 or TM5, leading to steric clashes. Thus, in view of the rhodopsin crystal structure and the higher-resolution DEER data, a rectilinear displacement of TM6 is considered to be most likely.
The movements of 308R1, 63R1, and 326R1, although relatively small, clearly reveal changes in the cluster consisting of TM1, TM7, and the C-terminal domain, and earlier SDSL studies support this conclusion (24, 25, 37, 38) . However, interpretation of the movements in terms of specific structural changes in the protein remains speculative because the displacement of a single residue in a helix can arise from different combinations of translations and rotations of the helix to which it is attached. The movement of 308R1 has an inward radial component of Ϸ2 Å (Fig. 4) , but TM7 may have in addition a clockwise rotational component to explain the data in Fig. 3b . This motion would account for an earlier result showing that a residue on the opposite face of TM7 (306R1) moves farther from a residue in TM1 (65R1) (24) . In that study, it was suggested that the observed motion of 306R1 away from 65R1 could simply be a movement of TM7 away from TM1, but a change in orientation of the buried 306R1 side chain was also considered as possible. The data of Fig. 3 suggest that a rotational motion of TM7 and/or a rearrangement of 306R1 are the most likely explanations of the earlier data.
The displacement of 63R1 is largely tangential and could arise from a small translation or rotation of TM1. Little can be said about the backbone change leading to the movement of 326R1 in the C-terminal domain, but based on proximity it is likely that the movements of TM1, TM7, and the C-domain are concerted. From Fig. 3b it is obvious that the widths of the distributions for 63R1, 308R1, and 326R1 increase after photoactivation, suggesting an increased disorder in these active regions; Fig. 4 further suggests that the radial width of the 241R1 distribution increases significantly.
Of equal interest to the residues that move upon photoactivation are those that do not; namely, 74R1 in TM2, 151R1 in TM4, and 225R1 in TM5 (Fig. 3b) . The lack of change of distance between 74R1 and 137R1 in TM3 (Fig. 2) suggests that TM3 also does not move. Support for the lack of change at TM2, TM3, and TM4 comes from the comparative sequence analysis (33) and solid-state NMR data (19) of Smith and coworkers, who suggest that these helices are part of a well packed core of rhodopsin that is invariant under photoactivation.
One crystal structure of an ''activated'' rhodopsin has been published (23) in which no significant movement of helices was observed compared with R, at odds with the results reported here and other evidence mentioned in the Introduction. However, immediately after a brief illumination of an R crystal, there was a significant loss of diffraction that could be interpreted, but not measured, as a structural change. Only a continuous light exposure for 1-3 h annealed the protein into a transient conformation where a structure could be determined (see supporting information in ref. 23) . Although this structure contained all-trans retinal and a deprotonated Schiff base, it does not necessarily correspond to the functionally active conformation (34) . Indeed, recent work has shown that the motion of TM6 requires not only the deprotonation of the Schiff base but also the overcoming of an additional energetic barrier (35) . Considering the direct and quantitative measurements presented here, it is possible that the lack of TM helix movement in the crystalline lattice ref lects stabilization of a form of photoexcited rhodopsin located on the inactive side of the barrier (Meta IIa). This could be due in part to the high osmolarity of the solvent used to stabilize the crystal, a condition that can prevent conformational changes from taking place (44) .
In summary, SDSL and DEER spectroscopy allowed a global distance mapping in rhodopsin not possible with the CW dipolar broadening method used previously. With proper experimental design, the results are free from potential artifacts that complicated data interpretation in the earlier studies and limited the effective resolution. The results show conclusively that the outward displacement of TM6 at the cytoplasmic surface is a hallmark of rhodopsin activation and not an artifact of the spectroscopic labeling technique. Smaller changes involving relative motions of TM1, TM7, and the C-terminal domain accompany activation, and the disorder of the molecule in this region is increased by activation.
Methods
Construction, Expression, Purification, and Spin-Labeling of the Rhodopsin Mutants. The expression construct, pMT4-Rho, containing the base mutant ⌽ (C140S/C316S) is described in ref. 45 . Cysteine double mutations were introduced in the ⌽, and DEAE dextran-mediated transient transfections of the construct in mammalian COS1 cells were used to induce expression of the mutant opsin (46) . Recombinant rhodopsin was regenerated with 11-cisretinal (National Eye Institute), solubilized in DM (Anatrace), and purified and spin-labeled on a 1D4 monoclonal antibody (University of British Columbia) immobilized on Sepharose as described in ref. 45 . DEER Spectroscopy. EPR measurements were conducted on a Bruker Elexsys 580 equipped with an MS-2 split-ring resonator. Rhodopsin samples of Ϸ15 l were mixed with 5 l of glycerol, placed in quartz capillary (1.8-mm O.D., 1.5-mm I.D.), and flash-frozen in liquid nitrogen. The four-pulse sequence of the Bruker-assisted DEER experiment was used with pulses of 8 ns (/2) and 16 ns (). The pump frequency was centered on the central resonance and the observe frequency was 70 MHz away on the lowfield side. The measuring temperature was either 50 or 80 K. To generate the photoactivated form, the sample was brought to room temperature and illuminated for 30 s with a 75-W halogen lamp fitted with a 500-nm long-pass filter; the sample was again flash-frozen for data collection. The phasecorrected dipolar evolution data were processed assuming a 3D background and Fourier-transformed, and the distance distributions were obtained with Tikhonov regularization using custom programs written in LabVIEW (National Instruments).
Modeling. Native amino acids at investigated sites were replaced by an R1 side chain. The dihedral angles X1 and X 2 were set to Ϫ60°and Ϫ60°, respectively, the preferred rotamer of R1 at helical surface sites (29 -32) . The second most probable rotamer (X 1 ϭ 180°, X2 ϭ ϩ60°) maintains a similar spatial nitroxide location (32) . The dihedral X 3 was set to either ϩ90°or Ϫ90°, whichever avoided steric overlap. Dihedral X 4 and X5 assume a distribution of values at solvent-exposed sites (29 -32, 41) and were allowed to vary to optimize agreement with experimental data.
Geometry Optimization. A modified Levenberg-Marquardt procedure was used to optimize coordinates of all sites, starting from a geometry taken from the crystal structure. The distance distributions obtained from Tikhonov regularization were slightly smoothed by convolution with a 1-Å-wide Gaussian. This removed any noise that could potentially interfere with the partial derivative calculations. All distances with zero probability received a value of 0.0001/(R Ϫ R max) 2 , where Rmax is the distance in Å with highest probability. This did not significantly alter the distribution function but allowed the procedure to converge toward the optimum even if the distance was outside of the probable range. Three-dimensional optimization and generation of the 2D probability maps was performed in custom programs written in LabVIEW.
The optimized geometry for the R and R* state describes a relative topology. The two datasets do not have a common reference point to each other and to the crystal structure. Each can be rotated and translated as a rigid body without changing the agreement with the DEER data. To align the data, the coordinates of the dark geometry were overlaid on the 1GZM structure to optimize the agreement with the crystal structure such that the spin locations were near the expected positions. The activated geometry was subsequently overlaid to limit significant relocations to as few residues as possible. Of course, the activated geometry could be overlaid with the structure so that TM6 remains fixed and the entire remainder of the molecule moves, but this is not a viable solution in view of a wealth of experimental data reviewed in the text.
